Abstract The first neutron star (NS) merger observed by advanced LIGO and Virgo, GW170817, and its fireworks of electromagnetic counterparts across the entire electromagnetic spectrum marked the beginning of multi-messenger astronomy and astrophysics with gravitational waves. The ultraviolet, optical, and nearinfrared emission was consistent with being powered by the radioactive decay of nuclei synthesized in the merger ejecta by the rapid neutron capture process (r-process). Starting from an outline of the inferred properties of this 'kilonova' emission, I discuss possible astrophysical sites for r-process nucleosynthesis in NS mergers, arguing that the heaviest r-process elements synthesized in this event most likely originated in outflows from a post-merger accretion disk. I compare the inferred properties of r-process element production in GW170817 to current observational constraints on galactic heavy r-process nucleosynthesis and discuss challenges merger-only models face in explaining the r-process content of our galaxy. Based on the observational properties of GW170817 and recent theoretical progress on r-process nucleosynthesis in collapsars, I then show how GW170817 points to collapsars as the dominant source of r-process enrichment in the Milky Way, which arguably better satisfy existing constraints and overcome the problems NS mergers face. Finally, I comment on the universality of the r-process and on how variations in light r-process elements can be obtained both in NS mergers and collapsars.
Introduction
In 1957, based on latest abundance data by Suess and Urey [1] , Burbidge et al. [2] and Cameron [3, 4] realized that roughly half of the cosmic abundances of nuclei heavier than iron are created by rapid neutron capture onto light seed nuclei ('the r-process'). These pioneering works speculated that the high neutron fluxes required to enable neutron captures to proceed much faster than β-decays could be realized astrophysically in Type I and II supernovae. However, despite decades of intense theoretical and observational work, the cosmic origin of r-process elements has remained an enduring mystery [5] . In particular, once considered the leading paradigm for cosmic r-process nucleosynthesis, hot outflows from a proto-neutron star in core-collapse supernovae (CCSNe) were later shown to face serious theoretical issues [6, 7, 8, 9, 10] and have more recently been disfavored by several observations that point to a much rarer source of enrichment for heavy r-process elements [11, 12, 13] (see Sec. 4 for more details).
Lattimer & Schramm (in 1974; [14, 15] ) proposed that black-hole-neutron star (BH-NS) collisions give rise to significant ejection 1 of neutron-rich material whose dynamical expansion would provide a natural site for the r-process. After the discovery of the Hulse-Taylor binary pulsar [16] , Symbalisty & Schramm [17] noted that the inevitable collision as a result of the binary pulsar's evolution would lead to ejection of neutron-rich material, and that such NS-NS collisions might account for the entire r-process content of the galaxy. These and other pioneering works (e.g., [18, 19] ) were followed-up by first numerical simulations of the merger process (e.g., [20, 21, 22, 23] ), confirming the tidal ejection of neutron-rich material. Based on these hydrodynamic results, it was then realized with reaction network calculations that such extremely neutron-rich, tidally ejected matter with proton (electron) fraction Y e 0.1 would give rise to abundances in good agreement with the solar r-process pattern for elements beyond the second r-process peak (atomic mass numbers A > 130) [24] .
Precisely six decades after the pioneering works by Burbidge et al. and Cameron, the first observed NS merger GW170817 discovered by Advanced LIGO and Virgo [25] provided the first direct observation of cosmic r-process nucleosynthesis. The largest electromagnetic (EM) followup campaign ever conducted located the merger in the nearby SO galaxy NGC 4993 at only 40 Mpc distance [26, 27] and revealed EM counterparts across the entire EM spectrum [28] , which confirmed the association of binary NS mergers with short gamma-ray bursts (GRBs). The strong thermal ultraviolet (UV), optical, and near-infrared (NIR) emission was consistent with being powered by the radioactive decay of r-process nuclei synthesized in the merger ejecta (see Sec. 2), the first unambiguous detection of a 'kilonova' [29, 30] (see [31] for a summary on kilonova emission models).
Not only did GW170817 mark the beginning of a new era of multi-messenger astronomy and astrophysics with gravitational waves, it also provided the first observational opportunity to test theoretical knowledge about r-process nucleosynthesis and electromagnetic counterparts related to NS mergers that had been acquired over the past decades. In this paper, I shall address the quest for the cosmic origin of the heavy elements and discuss implications of GW170817 and its kilonova for the astrophysical site(s) of r-process nucleosynthesis.
This paper is organized as follows. In Sec. 2, I briefly review the electromagnetic observations of the GW170817 kilonova and its properties, which I will then attempt to connect to specific ejecta components (astrophysical sites) in Sec. 3. Section 4 compares this interpretation to existing constraints on heavy r-process nucleosynthesis, which leads to a discussion of challenges that NS mergers face in explaining galactic r-process enrichment (as the sole or dominant source; Sec. 5). Given the inferred properties of mass ejection in GW170817 and their interpretation, I will then show how GW170817 actually points to collapsars as the main contributor to the galactic r-process and compare r-process nucleosynthesis in collapsars to existing constraints (Sec. 6). Finally, I discuss how both the NS merger and collapsar scenario may account for observed variations in the light r-process nuclei (deviations from the observed quasi-universal r-process pattern for heavy r-process elements; Sec. 7). Conclusions are presented in Sec. 8.
EM observations: kilonova properties
First detected 11 hours after merger [26, 27] , the UV-optical-NIR transient associated with GW170817 evolved rapidly from blue colors with a spectral peak at optical wavelengths on a timescale of a day to redder (NIR) colors with a spectral peak around 1.5µm on a timescale of several days to a week [32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43] (see [44] for a compilation of observations from various groups and instruments). The combination of a fast rise time of < 11 h, subsequent fast fading of 1 mag d −1 , the rapid color evolution from blue to red over four days, and the nearly featureless smooth optical spectra at all epochs makes this transient inconsistent with any previously observed astrophysical transient (e.g., [39, 45] ).
This transient is consistent with current models for thermal emission from kilonovae [32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 44] . In particular, the rapid rise and fade matches expected kilonova peak timescales [31] ,
where M ej and v ej denote the ejecta mass and velocity, normalized to typical values expected for neutron star mergers (see Sec. 3). The opacity κ of the ejecta material depends on the lanthanide (and actinide) mass fraction X Lan . For opacities κ 1 − 100 cm 2 g −1 , representative of lanthanide-free to lanthanide-rich matter [30, 46, 47] , one obtains characteristic peak timescales of kilonovae between ∼ 1 day and ∼ 1 week, which roughly predicts the observed peak timescales of this transient (e.g., [44] ). Furthermore, the featureless smooth optical spectra are expected in kilonovae due to line blending resulting from the high expansion speed of the ejecta's photosphere of up to several tenths of the speed of light ( [32] ; see also Sec. 3). Broad features in the NIR spectra starting at 1.4 − 2.4 d post-merger have been interpreted as absorption features due to lanthanide nuclei synthesized in the merger ejecta (e.g., [46, 34, 48, 41] ). Finally, the bolometric lightcurve around peak light is roughly consistent with the ∝ t −1.3 decrease expected from radioactive heating of newly synthesized r-process nuclei [30, 49] ; this inference can be made due to Arnett's law, according to which the bolometric luminosity at peak light is proportional to the heating rate [50, 51] .
Kilonova parameters
The wealth of observational data from this event is consistent with a multiple-component kilonova ('blue-red' kilonova). The observed lightcurves and spectra are simultaneously well fit by a two-or three-component kilonova model, in which a low-opacity, lanthanide-free component generated the early blue emission, while a high-opacity, lanthanide-bearing component is responsible for the red emission that peaked on a timescale of a week [32, 33, 48, 44, 34, 35, 42, 37, 38, 41, 43, 52, 53] (however, see [37, 54, 55] and below for different approaches). The ejecta parameters for the blue component as inferred by the aforementioned papers are v ej ≈ 0.2 − 0.3c, M ej ≈ 1 − 2 × 10 −2 M , and X Lan 10 −4 , while the red component requires v ej ≈ 0.07−0.14c, M ej ≈ 4−6×10 −2 M , and X Lan = 0.01−0.1. For the purpose of this discussion we choose the nominal values by [33, 48, 34, 44] ,
with uncertainties defined by the above mentioned parameter ranges. While those may reasonably well cover the uncertainties in the velocities and lanthanide mass fractions, the ejecta masses likely come with larger uncertainties.
Uncertainties
Systematic uncertainties in the ejecta masses not considered in the observational analyses arise from geometric and multi-dimensional effects, and uncertainties in the radioactive heating rate as well as the thermalization efficiency of the radioactive decay products. Geometric and multi-dimensional radiation transport effects may well lead to order-unity uncertainties. While those effects have been investigated to some degree [56, 57] , they have not yet been explored extensively in the context of GW170817 (however, see [34, 52, 55] ). Geometric effects due to deviations from spherical symmetry have been estimated to result in mass uncertainties by a factor 2 [34] . The radioactive heating rate for 'blue' (lanthanide-free) kilonova ejecta (mean electron fraction Y e > 0.25) is uncertain by a factor of a few due to the dominance of single isotopes [58] , its thermalization efficiency is relatively robust [30, 59] . For 'red' (lanthanide-bearing) kilonova ejecta (mean electron fraction Y e < 0.25), the radioactive heating rate is fairly robust [30, 60, 58] , while the thermalization efficiency is uncertain up to a factor of a few or more at late times [59, 61] . The latter mostly results from the sensitivity to the precise amount of translead nuclei being synthesized in the outflow (which also depends on the nuclear mass model), as translead nuclei emit a larger fraction of radioactive energy through α-decay and fission, which thermalizes more efficiently than energy from β-decays [59] . Uncertainties in the total ejecta mass of GW170817 considering thermalization efficiency, composition, and mass model are found to be of a factor 2 [62] . Overall, this motivates at least a factor of two uncertainty in the ejecta masses of the individual components, which we shall adopt for the discussion here (see below and Figs. 1 and 3).
One-component models
As mentioned above, there have also been attempts to interpret the GW170817 kilonova with single-component models [37, 54] . Such models require a small but finite lanthanide mass fraction X Lan ≈ 10 −3 . This, however, requires a fine-tuned distribution in electron fraction sharply peaked around Y e = 0.25 [58, 63] . This is in conflict with Y e distributions from numerical simulations of the NS merger and post-merger phase, which show that ejecta components give rise to fairly broad distributions in electron fraction ( [64, 65, 66, 67] ; see Sec. 3 for more details). Alternatively, such a lanthanide fraction could be obtained by mixing of lanthanide-rich and lanthanide-poor material in just the right amount if ejection of material still proceeds on the timescale ∼ 1 s of the r-process (such that mixing can occur after the r-process has concluded; see also the discussion in Ref. [68] ). However, this scenario also seems unlikely, as it requires fine-tuning regarding the relative amount of ejecta material to be mixed as well as special conditions under which the ejection of material proceeds. [77, 78, 64, 73, 65] , together with the corresponding ejecta parameters inferred from the 'blue' and 'red' kilonova of GW170817 (see the text for details).
Interpretation of the GW170817 kilonova
In the light of the kilonova parameters discussed above, we turn to the question of what these observations imply for the astrophysical site of the r-process in NS mergers. We shall focus here on binary NS mergers, although the possibility of a BH-NS merger is also briefly discussed below.
Numerical simulations of the binary NS merger and post-merger phase have revealed several types of neutronrich ejecta over the last two decades, which we shall briefly discuss in the context of GW170817: dynamical ejecta including tidal and shock-heated components [22, 23, 69, 70] , neutrino-driven and magnetically driven winds from a (meta-)stable remnant NS [71, 72, 73] , and outflows from a post-merger neutrino-cooled accretion disk [74, 75, 76] . In a typical NS merger event, all of these processes are at play to some extend, giving rise to ejecta material with different properties (amount of ejected material, composition, velocities); therefore, in principle, kilonovae with multiple components are naturally expected, which further motivates the multi-component interpretation of the GW170817 kilonova discussed above.
Dynamical ejecta
During the merger process, on timescales of ∼ ms, tidal forces tear off matter from the surfaces of the approaching neutron stars, giving rise to tidal debris streams with ejecta material mostly concentrated in the equatorial plane [70, 79, 65] . Such tidal debris is composed of unprocessed, cold NS material with very low electron (proton) fraction Y e < 0.1, which results in a non-negligible lanthanide mass fraction X lan after undergoing the r-process [58] . As the NSs collide kinetic energy is converted into thermal energy through shock heating at the contact interface between the two stars. Such shock heating, aided by pulsations of the newly-formed double-core structure, squeezes additional material into polar (low-density) regions, giving rise to a spherical ejecta structure [77, 70, 79, 65] . The shock-heated component generally extends to higher velocities [80, 78, 77, 64] and some material may overtake the tidal component ejected earlier; this can lead to interaction and partial reprocessing of the tidal ejecta by weak reactions that slightly raise the electron fraction of the affected tidal material to Y e ≈ 0.1 [65] . Dynamical ejecta is typically characterized by ejecta masses M ej = 10 −4 − 10 −2 M and average velocities on the order of the NS escape speed, 0.15−0.3 c [77, 78, 81, 79, 64, 82, 73, 65 ] (see Fig. 1 for a compilation of results from recent binary NS merger simulations). A small fraction of the shock-heated ejecta (typically ∼ 10 −6 M ) is accelerated to 0.6 c, which can produce a bright radio transient on timescales of weeks to months or years after merger [78, 83, 65] and give rise to a freeze-out of free neutrons that could power a 'neutron precursor' (blue thermal emission at timescales of hours after merger) [84] . The shock-heated ejecta is composed of hot material that has been reprocessed by weak interactions to typical average electron fractions above the critical threshold Y e = 0.25 [58] for lanthanide production, and is sensitive to the details of neutrino transport [85, 79, 64, 65] .
The overall r-process nucleosynthesis signature of dynamical ejecta and the question of whether it gives rise to a fast blue (lanthanide-free) or fast red (lanthanidebearing) kilonova depends on the relative mass contribution of the tidal and shock-heated components, which, in turn, mostly depends on the binary mass ratio and the equation of state (EOS). For a given EOS, tuning the binary mass ratio q = M 2 /M 1 < 1 away from unity generally enhances the tidal torque on the lighter companion and thus leads to increased tidal ejecta, while reducing the shock-heated component (as the lighter companion becomes tidally elongated it seeks to avoid the collision) [78, 77, 81, 64] ; this can change the mean Y e from > 0.25 to < 0.25 (see, e.g., [64] ) and thus the nature of the kilonova component from blue to red. For a given binary mass ratio, changing the EOS from stiff (large NS radii) to soft (small NS radii) enhances the shock-heated component while reducing the tidal component [78, 77, 81, 86, 64] . This is because tidal forces are smaller for less extended objects and NSs with smaller radii approach even closer and thus collide with higher velocities, thereby enhancing the shock power and, as a consequence, the shock-heated ejecta mass. Finally, the observational detection as a blue vs. red kilonova also depends on the geometry (viewing angle), as, e.g., tidal ejecta with its higher opacity can block blue emission from the interior on timescales of interest in equatorial directions. Figure 1 shows a compilation of dynamical ejecta properties from recent binary NS merger simulations in comparison to the GW170817 kilonova properties discussed above. The simulations shown here include different numerical techniques (smoothed-particle hydrodynamics with approximate treatment of general relativity [77] and several grid-based numerical relativity codes [78, 64, 73, 65] ), various different EOS (including realistic EOS with full temperature and composition dependence), different binary mass ratios q = 0.65 − 1.0. Some simulations additionally include weak interactions with different approximations to neutrino transport [64, 65] , or effects of magnetic fields [73] . The ejecta in some of the latter simulations contain contributions from early epochs of either neutrino-driven or magnetically driven winds (see below), which tend to decrease the overall mean ejecta velocity.
The blue kilonova properties are in tension (or at least only marginally consistent) with dynamical ejecta parameters (cf. Fig. 1 ). The GW170817 blue ejecta mass scale of ∼ 10 −2 M can be reached by nearly-equal mass binaries and soft EOSs with very small NS radii (< 11 − 12 km) only in very few singular cases [78, 77, 81, 64, 73] ; however, see [65] who do not find such high ejecta masses for a similar setup (e.g., SFHo with 1.35 M NSs). Additionally, if one accepts the need for a massive post-merger accretion disk in order to explain the overall ejecta mass of GW170817 (see below), some EOS under which such high shock-heated ejecta masses are obtained (e.g., APR4, [78, 73] ) are disfavored [87] . This mass scale is instead more easily reached by a significant tidal component in asymmetric binaries with binary mass ratio significantly different from 1.0 [78, 77, 64] , which, however, would turn the kilonova red (note, e.g., the drop in mean Y e from 0.3 (SFHo 1.35-1.35) to 0.16 (SFHo 1.25-1.45) in [64] ).
The red kilonova properties are clearly in tension with dynamical ejecta parameters, even with generous error bars on the inferred ejecta mass (cf. Fig. 1 ). While similarly high ejecta masses have been obtained for extreme mass ratios and peculiar NS masses [81] , such ejecta being of dynamical origin would be too fast and therefore inconsistent with the low velocity ≈ 0.1c inferred for the red kilonova component.
Effects of spin. For NS with initial moderate dimensionless (but astrophysically large 2 ) spin χ ≈ 0.1, the dynamical ejecta masses typically decrease for equal-mass binaries with respect to the irrotational case [89, 90] , while dynamical mass ejection is enhanced for cases in which tidal ejecta dominate, i.e., in asymmetric binaries [90, 91] . In the latter case, the enhancement in ejecta mass is only very moderate, but can reach up to a factor of 1.7 in special cases [90] . However, this only enhances the amount of fast lanthanide-rich (red) tidal ejecta, which does not help to reconcile dynamical ejecta properties neither with the red nor blue kilonova parameters.
Effects of eccentricity. Finally, we note that eccentric mergers can enhance the dynamical ejecta masses significantly up to levels of ∼ 10 −2 M [85, 92, 93] , with typically decreasing ejecta masses as the eccentricity increases [92, 93] . Such eccentric binaries could result from dynamical capture mergers in globular clusters as well as in other dense stellar systems, in which neutron stars may have large spins. NS spins in eccentric mergers have a moderate to strong effect on mass ejection and can have opposite effects on the total ejecta mass depending on eccentricity and spin orientation [92, 93] . The dynamical ejecta are dominated by tidal ejecta [93] , and thus again lead to fast red transients, in conflict with the GW170817 kilonova. Furthermore, the GW signal of GW170817 [25] is consistent with a quasi-circular binary, without indications of significant eccentricity.
In conclusion, it appears likely that a moderate amount of shock-heated ejecta (few × 10 −3 M ) contributed to the blue kilonova emission, but that a possibly dominant amount of blue ejecta originated in winds from the remnant NS (see below). The presence of such a strong shockheated component would favor a nearly equal-mass merger and a soft EOS with small NS radius < 11 − 12 km, which has important consequences for the EOS and nuclear physics [94] . The tidal ejecta component was probably of too small mass to be observed as an independent fast red kilonova component, which is consistent with the requirement of a nearly equal-mass merger where this component is typically sub-dominant.
Winds from a remnant NS
If the total mass M 1 + M 2 of the binary does not exceed a certain threshold mass, which is typically between 30% to 60% higher than the maximum mass of non-rotating NSs (depending on the compactness of the non-rotating maximum-mass configuration) [95] , the NS merger does not lead to a prompt collapse to a BH, but instead results in a hypermassive or supramassive NS that is temporarily stable to collapse due to rapid (differential) rotation and thermal effects [96, 97, 98, 99] . Winds driven off the surface of such a remnant on timescales of tens to hundreds of ms represent an additional source of ejecta material. Such winds can be driven by neutrinos from the shockheated hot (∼ 10 MeV) interior of the remnant by reabsorption in a "gain" layer at the surface of the remnant via charge-current interactions in a way similar to neutrinodriven (thermal) winds in ordinary core-collapse supernovae [71] . Such winds give rise to initial mass loss rates oḟ M 10 −3 M s −1 [71] and have meanwhile been observed in dynamical merger simulations [79, 64, 85, 65] . Magnetic field amplification in the interior of the remnant due to differential rotation can also give rise to winds launched from the surface [72, 73] , with typical initial mass-loss rates ofṀ ∼ 10 −3 − 10 −2 M s −1 [72] . The total mass loss through both types of winds is then determined by the minimum of the remnant lifetime (if metastable) and the cooling timescale or the timescale for removal of differential rotation (the latter are both ∼ 1 s). These winds are typically slow ( 0.1c) and have a mean electron fraction Y e > 0.25, as the ejecta material is exposed to strong neutrino emission that seeks to raise the electron fraction to an equilibrium value Y e ≈ 0.5 [6] . Ref. [68] shows that the combination of the two processes, a neutrino-heated, magnetically-accelerated wind, could lead to substantially increased mass loss rates and ejecta velocities. For realistic lifetimes of 0.2 − 2 s of the remnant, magnetic field strengths of B ∼ 1 − 3 × 10 14 G and typical rotation periods of ≈ 0.8 ms, this model simultaneously predicts velocities ≈ 0.3c, ejecta masses ≈ 0.02 M , and composition Y e ≈ 0.25 − 0.4 consistent with the blue kilonova component of GW170817 [68] .
Outflows from a post-merger accretion disk After merger, a significant amount of material quickly circularizes around the remnant to form a neutrino-cooled accretion disk [100, 74, 75, 76, 66, 67, 101] . While initial twodimensional simulations in Newtonian gravity with an α-viscosity prescription to parametrize angular momentum transport found comparatively small ejecta masses, more recent simulations in full 3D and general relativity including magnetic fields and self-consistent MHD turbulence as well as neutrino cooling find that 30% − 40% of the original disk mass is ejected into unbound outflows [76, 66, 67] . These outflows are launched as thermal winds from a hot disk corona, which is the result of an imbalance between viscous heating from magnetohydrodynamic turbulence and cooling via neutrino emission at higher latitudes off the disk midplane [76, 66] . Further acceleration due to α-particle formation leads to an average outflow speed of ≈ 0.1c [76, 66] . The composition of the outflows is controlled by a self-regulation mechanism based on electron degeneracy in the inner part of the disk, which keeps the mean electron fraction of the outflowsȲ e 0.2 well below the critical threshold for lanthanide and actinide production on timescales of interest [76, 66] . Detailed nucleosynthesis calculations show that the production of the full range of solar r-process abundances and abundances in metal-poor stars in the halo of the Milky Way from the first to the third peak can be explained [66, 102] .
Large enough disk masses to explain the red kilonova component of GW170817 require that the merger event did not result in a prompt collapse to a BH, but instead formed at least a temporarily-stable hypermassive NS [87, 65] . Excluding prompt collapse, recent simulations using various different EOS obtain typical disk masses of 0.1 M , with a spread between 0.02−0. 24 M [65] . This then translates into disk outflows of M ej = 6 × 10 −3 − 9.6 × 10 −2 M with a typical value of M ej ≈ 4×10 −2 M , consistent with the red kilonova of GW170817. The lifetime of the remnant must not be too long, however, as strong neutrino emission from the remnant raises the electron fraction of the disk outflows and can turn those outflows blue for lifetimes 100 ms [103, 104, 105] .
In conclusion, outflows from the remnant neutrinocooled accretion disk provide a natural explanation for the combination of the high ejecta mass, low ejecta velocity, and low mean electron fraction of the red kilonova component of GW170817 (Eq. 2), and thus for the site of lanthanide production in GW170817. The requirement of a metastable remnant NS also aligns with the need for winds from a remnant to explain the properties of the blue kilonova component (see above), which thus combine to a consistent picture. The resulting merger phenomenology is depicted in Fig. 2 . 11/21 Neutron star mergers and kilonovae Figure 2 . Overview of the phenomenology for binary neutron star mergers, highlighting the most likely path for GW170817. The requirement for a metastable supramassive or hypermassive NS (SMNS/HMNS) of lifetime 100 ms results from the combined requirement to maximize the amount of lanthanidefree ejecta by winds from such a remnant (in order to explain the blue kilonova emission of GW170817) and the need for lanthanide-rich outflows from a massive post-merger accretion disk (in order to power the red kilonova emission of GW170817; see the text for details; simulation snapshots courtesy of W. Kastaun).
Could GW170817 have been a BH-NS merger?
While the presence of electromagnetic counterparts in association with GW170817 necessitate matter and thus require at least one NS be present in the coalescing binary, the GW analysis alone could not rule out the possibility of a BH-NS merger [25] . The measured component masses between 0.86 − 2.26 M as well as the total mass of the binary of 2.73 − 3.29 M [25] are consistent with known galactic BNS systems, which have component masses 1.17 − 1.6 M and total masses 2.57 − 2.88 M [106] . Combined with the fact that the measured component masses are also significantly smaller than the BH masses found in galactic binary systems [107, 108] , the GW observations of GW170817 favor a binary NS system. However, there is also an argument to be made based on the kilonova of GW170817, which also favors a binary NS system.
In BH-NS mergers, in which shock-heated ejecta and winds from a remnant are absent, the only known source of lanthanide-free (blue) ejecta are disk outflows from a postmerger accretion disk around the final BH as discussed above. As again dynamical BH-NS merger ejecta would be too fast to explain the red kilonova of GW170817, the post-merger accretion disk would have to power both the lanthanide-free and lanthanide-bearing component of GW170817. Recent simulations of post-merger accretion disks in general-relativistic magnetohydrodynamics, which capture MHD turbulence to self-consistently describe angular momentum transport and thus plasma heating, indeed find a fraction of ejecta material with Y e 0.25 being ejected in the outflows of such accretion disks, mostly in polar directions [76, 66, 67] . This is because in the nondegenerate, low-density and high-entropy polar regions, e + e − pair creation is enhanced, which, in turn, increases positron capture e + + n → p +ν e , thus increasing the proton fraction Y e . However, we find substantial mixing in the outflows, such that an angular dependence and thus a two-component kilonova nature of the disk outflows is unlikely preserved to large spatial scales [66] . Furthermore, the amount of material with Y e 0.25 would be far too small to explain the mass ratio between the blue and red kilonova components of GW170817 [76, 66, 67] . Finally, the velocity of such blue disk winds ∼ 0.1c would be inconsistent with the high velocities v ≈ 0.3c for the blue kilonova (Eq. (2)). Notwithstanding other lines of arguments based on observed BH masses, the inferred kilonova properties of GW170817 alone strongly disfavor a BH-NS merger origin.
Implications and constraints on r-process nucleosynthesis
In this section, we shall put the GW170817 kilonova observations and its interpretation into the broader context of galactic heavy r-process nucleosynthesis. Figure 3 compares the lanthanide-bearing (red) kilonova of GW170817 with masses and uncertainties as discussed in Sec. 2 to various constraints on galactic heavy r-process nucleosynthesis.
The comparison in Fig. 3 is formulated in terms of rprocess mass ejected per enrichment event (being agnostic about the nature of the actual astrophysical mechanism or site) versus galactic or current/local (z = 0) volumetric event rate. In computing the r-process ejecta masses, we assume a solar r-process abundance pattern [112] starting at mass number A = 69. We note that for this choice of minimum atomic mass number and solar abundance pattern, the lanthanide mass fraction is consistent with that inferred for the red kilonova of GW170817. Volumetric rates are converted into galactic rates, assuming ≈ 0.01 Milky-Way equivalent galaxies per Mpc −3 [113] . Shown are the binary NS merger rate as measured by LIGO, R BNS = 1540 +3200 −1220 Gpc −3 yr −1 [25] , as well as the local total core-collapse supernova rate for comparison, R CCSN = 7.05
4 Gpc −3 yr −1 [109] . Over-plotted as red and green horizontal bands are the range of ejecta masses obtained from numerical simulations for post-merger accretion disk outflows and dynamical ejecta, respectively (see Sec. 3).
The total amount of r-process material in the galaxy can be roughly estimated to M r,MW,A≥69 ≈ 2.6 × 10 4 M , assuming a total stellar mass of the Milky Way of (6.43 ± 0.63)×10
10 M [116] and a mean r-process abundance pattern for stars in the Galactic disk similar to solar [112] . The production of M r,MW of r-process material in the Milky Way is, in principle, degenerate with respect to the average rate R MW and yield per event M ej [12, 61, 117] ,
where t MW ≈ 10 Gyr is the age of the Milky Way. In translating this average rate over the lifetime of the Milky Way into a current rate one needs to make an assumption about Figure 3 . Constraints on galactic r-process enrichment including neutron star mergers, in terms of ejecta mass per enrichment event versus galactic or current (local) volumetric event rate. Shown are the local binary neutron star merger rate as inferred by LIGO/Virgo [25] , and the local total core-collapse supernova rate for comparison [109] , with uncertainties indicated by dashed lines and colored bands. The ejecta mass for GW170817 represents the red (lanthanide-bearing) emission of the kilonova with uncertainties as discussed in Sec. 2. The horizontal red and green bands represent the range of ejecta masses for post-merger accretion disk outflows and dynamical ejecta in binary NS mergers as discussed in Sec. 3. The yellow shaded region corresponds to constraints on r-process enrichment from measurements of 244 Pu in the deep sea crust and from the early solar system [12] . The color-coded log-likelihood contours depict rate-yield constraints from an analysis of dwarf galaxies in the halo of the Milky Way [110] , translated to r-process enrichment of the Milky Way disk. Also shown is the constraint from metal-poor halo stars of Ref. [111] ("MP stars"). The gray shaded region corresponds to the total amount of r-process material in the Milky Way disk. All mass estimates are computed assuming the solar r-process abundance pattern [112] starting at mass numbers A ≥ 69. See the text for details.
the underlying enrichment process and the evolution of its rate as a function of redshift (i.e., cosmic time). For the purpose of this discussion, we shall assume that such enrichment can either be provided by NS mergers or by a rare subclass of CCSNe (such as collapsars [115] , see below). We employ the calibrated rate model of Ref. [115] to obtain the corresponding evolution of rates as a function of redshift, assuming that CCSNe follow the star-formation history of the Milky Way with negligible delay, while NS mergers follow with a delay-time distribution ∝ t −1 and a minimum delay time of 20 Myr; the results are depicted in Fig. 4 . The star-formation history of the Milky Way is assumed to follow the cosmic star formation history [114] . We find that the current event rates for NS mergers and CCSNe (or collapsars) are, respectively, approximately a factor of two and five lower than their cosmic average. The degeneracy of producing the total r-process content in the Milky Way is shown in Fig. 3 by the black line and corresponding gray shaded region, assuming a factor of two uncertainty in the total ejecta mass estimate (due to order-unity uncertainties in the r-process pattern) and accounting for the fact that the current event rate may be lower with respect to the average event rate by a factor of up to five.
The rate-yield degeneracy in producing the total rprocess content of the Milky Way is broken by measurements of the radioactive r-process isotope 244 Pu with halflife of 81 Myr [12] . Suitable radioactive isotopes make it possible to break this degeneracy due to the fact that abundances of such isotopes in the inter-stellar medium (ISM) at a given location are determined by the local production history on the time scale of their mean lives (rather than by the entire galactic production history). The discrepancy in abundances of a factor of ∼ 10 −2 between measurements of 244 Pu in the early solar system, based on abundance measurements of daughter nuclei in meteorites and ancient rocks [118] , and the accumulation of 244 Pu from the ISM onto the Earth's deep sea floor over the past ≈ 25 Myr [11] requires low-rate, high-yield enrichment events, rather than high-rate, low-yield events Figure 4 . Volumetric rates of core-collapse supernovae, neutron-star mergers, and collapsars as a function of redshift for the cosmic star formation history [114] , assuming rates as defined in the model by [115] . Average rates are indicated by dashed lines. Core-collapse supernovae (and collapsars, being a rare subclass thereof) follow the star formation history directly, while neutron-star mergers follow with a ∝ t −1 delay-time distribution.
[12]. The allowed parameter space obtained in Ref. [12] , translated to an r-process pattern starting at A = 69, is indicated as a yellow shaded region in Fig. 3 . This excludes ordinary CCSNe as potential contributors to the heavy rprocess, besides previous theoretical arguments showing that the conditions for a strong (second-to-third peak) rprocess are not met in such supernova environments [6, 7, 9, 10] .
The rate-yield degeneracy is also broken by observations of strong r-process enrichment at low metallicity in dwarf galaxies in the halo of the Milky Way. The combination of strong upper limits on Eu production in some ultra-faint dwarf galaxies and strong enhancements of Eu in other ultra-faint dwarfs [13, 119] as well as in other dwarf galaxies favors rare high-yield events (≈ 1 event per 10 3 CCSNe) [110] . The likelihood analysis of [110] can be translated to a rate-yield constraint on r-process production in the Milky Way by normalizing to the current total CCSN rate in the Milky Way. Modeling the rates of CCSNe as discussed above, we obtain a mean CCSN rate for the Milky Way of ≈ 3 × 10 5 Gpc −3 yr −1 . The translated log-likelihood contours are depicted in Fig. 3 .
In metal-poor halo stars of the Milky Way, whose abundances of α-elements suggest they have been polluted by just a single CCSN, strong enhancements in Eu, again suggestive of only a single r-process pollution event, place a lower limit on the total r-process mass per enrichment event. Using the largest [Eu/H] enhancement among such stars and normalizing to the ISM mass swept up by the enrichment blast wave, Ref. [111] places a lower limit of ≈ 3 ×10 −4 M per event [117] (translated to an explosion energy of > 10 50 valid for both NS mergers and GRB supernovae, i.e., collapsars, and assuming an ISM density of 1 cm −3 ; indicated as "MP stars" in Fig. 3 ). This constraint again favors high-yield events, and, in combination with the galactic yield (see Eq. (3) above), low-rate events, disfavoring CCSNe. It depends on the explosion energy and on the density of the surrounding ISM, which is typically lower for NS mergers than for collapsars, as NS mergers tend to merge away from their birth sites due to natal kicks received from the supernova explosions [120, 110] .
Assuming that GW170817 was a typical binary NS merger in terms of ejecta masses, Fig. 3 shows that NS mergers are consistent with all constraints on r-process enrichment discussed above. In particular, Fig. 3 highlights how well ejecta from the post-merger accretion disk satisfy these constraints and provide a natural theoretical explanation for heavy r-process nucleosynthesis in such mergers. Therefore, in principle, NS mergers could account for most or even the entire amount of galactic heavy r-process material [34, 121, 117] . However, at a closer look, there exist several challenges for merger-only models in explaining the galactic r-process abundances, which we shall now discuss.
Challenges for merger-only r-process enrichment
Galactic r-process enrichment solely based on NS mergers faces several challenges, which we shall outline below.
Galactic r-process at low metallicities
It remains an open question whether NS mergers can account for the high Eu enrichment at low metallicities observed in stars of the Milky Way halo, as such mergers typically occur with a substantial delay with respect to star formation. While cosmological zoom-in simulations taking into account hydrodynamic mixing processes can explain the observed [ [124, 125] , unless NS binaries merge within an extremely short delay time of 10 Myr [124] . It was argued that the required r-process enhancement and scatter at [Fe/H] −3 can be obtained with more realistic NS merger delay times by assuming a hierarchical assembly of the Galactic halo by merging of sub-halos, if the star formation efficiencies are lower for less massive sub-halos [126, 127] and if NS merger ejecta from one halo can crosspollute other proto-galaxies and the intergalactic matter [128] .
r-process in ultra-faint dwarf galaxies Recent observations of strong Eu-enhanced stars in ultrafaint dwarf galaxies in the halo of the Milky Way [13, 119] challenge the NS merger scenario for r-process enrichment. This is because such dwarfs have very small escape speeds of ∼ 10 km s −1 and very short epochs of star formation of ∼ 1 Gyr. NS binaries must thus have both very small natal disk stars Coll. + NS mergers NS mergers Figure 5 . Evolution of europium versus iron at high metallicity. Shown are observed abundances from the SAGA database [129, 130] (light blue), and abundances specifically for galactic disk stars [131] (blue dots). They are compared to predictions for the [Eu/Fe] evolution at late times using the one-zone model in Ref. [115] , assuming a minimum Supernova Type Ia delay time of 400 Myr. Predictions for merger-only r-process enrichment are shown in blue, while the fiducial combined model of NS mergers and collapsars of [115] is shown in red, for which the dominant contribution comes from collapsars (81% at the time of formation of the solar system). The negative trend of [Eu/Fe] at late times cannot be reproduced with NS mergers alone, but instead requires enrichment events that more closely track the star formation rate, such as collapsars.
kick velocities and short merger timescales of at most a few hundred Myr, in order to be retained in the galaxy and to feed r-process enriched material back into star formation. Ref. [110] argues that a sizable fraction of such "rapid mergers" exist which have center of mass velocities comparable to the escape speed of the galaxy. The existence of such rapid mergers, however, strongly depends on the assumed initial binary separation (they are dominated by small-eccentricity systems whose timescale for merger is determined by the initial separation).
Galactic r-process at high metallicities
It has been pointed out that the evolution of Eu relative to iron at high metallicities (in the Milky Way disk) appears to be inconsistent with r-process enrichment from NS mergers [132, 117] (see also [115, 133] ). At such late times, Fe is produced by Type Ia SN, which follow the same delay time distribution ∝ t −1 as NS mergers. As a result, the relative evolution of [Eu/Fe] is at best roughly flat or even rising. However, the observed trend of [Eu/Fe] with respect to metallicity [Fe/H] among disk stars has a negative slope. This is illustrated in Fig. 5 , which compares observed [Eu/Fe] abundances at high metallicity to predictions from a one-zone chemical evolution model [115] . In order to obtain a decrease in [Eu/Fe], enrichment events that more closely follow the star formation history of the Milky Way are needed [115, 133] , such as a rare subclass of CCSNe (e.g., collapsars; see Fig. 5 and below).
GW170817 points to collapsars as the major source of r-process elements
The realization that a NS post-merger accretion disk most likely ejected ≈ 0.05 M of heavy r-process material to generate the red kilonova emission of GW170817 (see Secs. 2 and 3) suggests that similar physics may apply to the neutrino-cooled accretion disks in collapsars, i.e., the accretion disks that form around the final BH following the supernova-triggering collapse of rapidly-rotating massive stars, which are also commonly evoked to power long GRBs [134] . Indeed, recent general-relativistic magnetohydrodynamic simulations show that during the early stages of collapsar accretion (those that also power the GRB), disk wind ejecta are sufficiently neutron-rich and robustly synthesize both light and heavy r-process nuclei up to the third r-process abundance peak at mass number A ∼ 195, in excellent agreement with the solar abundance pattern [115] .
The contribution of collapsars to the galactic r-process can be estimated in several ways, both empirically and theoretically (see [115] for details):
-Knowing the lanthanide-rich r-process ejecta mass of GW170817 of ≈ 0.05 M , one can estimate the contribution of collapsars relative to mergers purely empirically by using the isotropic-equivalent energies and rates of short GRBs (mergers) versus long GRBs (collapsars). Although collapsars occur less frequently than mergers, the longer duration of long GRBs compared to short GRBs and the correspondingly larger amount of accreted mass imply higher r-process ejecta masses for collapsars that overcompensate the lower event rate by a factor of 4-30. Calibration to GW170817 thus suggests that collapsars contribute by far more r-process material to the Galaxy than NS mergers (i.e., at least 80%). This is also consistent with the requirement to reproduce the late-time [Eu/Fe] trend for stars in the Milky Way disk (see below and Fig. 5 ). -An independent absolute estimate per event can be derived requiring that collapsars are responsible for the entire solar system abundances, which yields 0.08 − 0.3 M per event for typical parameters. Employing the GW170817 ejecta mass this estimate is consistent with the previous one. -The per event contribution of collapsars can be theoretically estimated from the disk wind properties as probed by the simulations in combination with theoretical models for fallback accretion from the collapsing progenitor star, which typically yields few × 10 −2 M to ∼ 1 M of r-process material, consistent with the second and first estimate.
Thus, ironically, GW170817 actually points to collapsars being the dominant contributor to heavy r-process nucleosynthesis. Figure 6 presents a comparison of the collapsar scenario with the rate-yield constraints on heavy r-process nucleosynthesis, analogous to Fig. 3 for NS mergers. We note that although GRBs currently do not occur anymore in our galaxy due to a metallicity threshold [137, 138, 139] , Figure 6 . Same as Fig. 3 , but including constraints from collapsars. The ejecta masses for heavy r-process material from collapsars are taken from [115] , while the rate of collapsars (long GRB rate corrected for beaming) is taken from [135] , with a beaming fraction of 5 × 10 −3 [136] .
rates are expressed in terms of an effective current rate using the rate model discussed above (see Fig. 4 ) for comparison with the NS merger case (Fig. 3) . As evident from Figs. 6 and 3, the somewhat lower rate and higher yield per event of the collapsar scenario compared to NS mergers is in arguably better agreement with the constraints on r-process enrichment. Collapsars do not face any of the observational challenges for NS merger models discussed in Sec. 5. This is because they result from the core-collapse of massive stars with only a few Myr lifetime and occur directly in the star-forming region that gave birth to the massive star. This is consistent with the observation that long GRBs follow the radial distribution expected for star formation in disk galaxies [140] and that they are spatially correlated with bright star-forming regions within their host galaxies [141] . In particular, a dominant contribution by collapsars to the galactic r-process reproduces the late-time decrease of europium versus iron in the Milky Way disk (cf. Fig. 5 ). Finally, collapsars occur mostly in low-metallicity environments [137] and would thus be over-represented among the first generations of stars, which provides a natural explanation for the observed carbon-enhanced metal-poor (CEMP) stars with high r-process enrichment (e.g., [142] ).
Observationally, one may hope to see direct evidence of r-process nucleosynthesis from collapsars in the late-time NIR lightcurves and spectra of nearby long GRB (broadlined Type Ic) supernovae. Such observational signatures do exist at late times, depending on how efficiently the r-process material from the collapsar disk winds mix into the supernova ejecta [115] . Detection of such features will benefit from future observations of NS mergers with sensitive NIR telescopes, such as the James Webb Space Telescope, which will help to identify unique signatures (line features) of r-process nuclei in nebular spectra of kilonovae ('pure r-process sources'). Such observations can then be compared to late-time GRB supernovae ('a giant kilonova in a supernova') to help identify the presence of r-process material.
Light r-process elements and universality
While the discussion has so far mainly focused on the origin of lanthanide-bearing material, we shall now also briefly comment on r-process elements of the first-peak and in-between first and second peak (light or 'limited' r-process elements, with atomic numbers Z < 50 or mass numbers A < 115). In the following, I briefly point out how both sites for heavy r-process element production discussed here (NS mergers and collapsars) intrinsically can give rise to scatter in the light r-process elements.
It is interesting to note that the abundances of such light r-process elements in stars of the ultra-faint dwarf galaxy Reticulum II and some extremely metal-poor stars (e.g., CS 22892-052) are significantly depleted with respect to the solar system r-process abundances [13, 143, 142] . In general, while abundances of heavy r-process el-ements (lanthanides; Z > 56) in metal-poor stars in the Milky Way halo and ultra-faint dwarfs show very little deviation from the scaled solar pattern (a 'robust, quasiuniversal' pattern from the second to the third r-process peak), there is significant scatter among the abundances of light r-process elements when scaled to heavier elements such as Eu, with some metal-poor stars showing higher first-peak abundances than solar (up to 1.5 dex scatter around the solar pattern; see, e.g., the compilation of abundance patterns in Ref. [144] ). The origin of this scatter remains unclear, but has been interpreted as being suggestive of lighter and heavier r-process elements being produced at different r-process sites by different types of r-processes (with the light elements being produced by a "weak r-process" or "light-element primary process") [143, 145, 146, 147] .
In NS mergers, the production of exclusively light rprocess elements (Z < 56) manifests itself in early blue kilonova emission, such as, most likely, the blue kilonova emission in GW170817 (see Sec. 2), as a non-negligible lanthanide fraction would strongly increase the opacity of the material and redden the transient [46, 47, 34] . The amount of such 'blue' material depends on the amount of shock-heated ejecta, which can vary by orders of magnitude depending on the mass ratio of the binary and the EOS (see the discussion in Sec. 3). It also depends on the amount of mass lost through winds form a remnant NS, which, depending on the lifetime of the object, can again vary by orders of magnitude (cf. Sec. 3). Finally, a long-lived remnant ( 100 ms) can also turn a significant fraction of the post-merger accretion disk winds into blue ejecta via its strong neutrino radiation [103, 104, 105] . These ejecta components superimpose with light r-process elements produced in the post-merger disk outflows, which tend to somewhat under-produce the first-peak elements relative to the solar pattern [66] . Finally, also the amount of lanthanide-rich ejecta (disk and tidal ejecta) and thus the relative amount of light versus heavy r-process elements depends on binary parameters (binary mass ratio, total mass) and the EOS (see Sec. 3).
As pointed out in Ref. [115] , similar to NS post-merger accretion disks collapsar accretion disks give rise to an rprocess abundance pattern in good agreement with the solar pattern (although possibly slightly under-producing some first-peak elements). Variations regarding light rprocess elements on top of this pattern result from a period of collapsar fallback accretion at intermediate accretion rates that additionally synthesizes ∼ few × 10 −2 − few × 10 −1 M of exclusively light r-process material (due to a reduced free neutron-to-seed ratio; cf. Table 1 of [115] ). Note also that the ratio of this light r-process contribution to that of the main r-process material strongly varies, depending on the exact stellar structure of the progenitor (cf. Table 1 of [115] ). Furthermore, during the early GRB SN, launched from a temporary rapidly-spinning and strongly-magnetized proto-neutron star prior to collapse to a BH [148, 149, 150] , recent simulations accounting for the three-dimensional stability of magnetized jets find that a moderate quantity of 10 −2 M of light r-process material could additionally be ejected [151, 152] . For particularly strong magnetic fields, a fraction of this material could also form lanthanides, but would by far be subdominant with respect to the collapsar disk ejecta. In fact, significant amounts of heavy r-process elements are likely ruled out based on GRB lightcurves and spectra [115] .
In conclusion, different fallback accretion histories resulting from different progenitor stars as well as diversity in the GRB supernova explosion, depending on progenitor properties (such as magnetic fields), naturally gives rise to variations in the light r-process element abundances. As discussed above, both collapsars and NS mergers can account for variations in the light r-process elements by orders of magnitude. Therefore, explaining the observed abundance variations in metal-poor stars does not necessarily require the light and heavy r-process elements to be produced in different astrophysical phenomena. Rather, these variations can also naturally be produced in the same astrophysical phenomenon by intrinsic variations in the ejecta properties owing to a complex phenomenology of the events.
Conclusion and outlook
GW170817 marked the beginning of a new era in astronomy, astrophysics, and nuclear physics. The truly spectacular kilonova associated with GW170817, whose properties we have discussed here, represents the first direct observation of cosmic r-process nucleosynthesis. Its photometric and spectral evolution is best described by a multicomponent ('blue-red') kilonova, which is also expected on theoretical grounds for reasons discussed in detail in Sec. 3.
The observationally inferred kilonova parameters, accounting for realistic uncertainties (Sec. 2), suggest postmerger accretion disk outflows as the astrophysical production site of the heavy r-process elements (lanthanidebearing ejecta) in this event [76, 66, 67] . As discussed, such outflows provide a natural explanation for the combination of high ejecta mass, small ejecta velocity, and high neutron richness of the observed red kilonova emission, which none of the other known types of merger ejecta simultaneously satisfy. The blue kilonova emission most likely originated in a combination of shock-heated ejecta and winds from a temporarily stable remnant NS. The observed blue emission after the first data point 11 h postmerger does require radioactive heating from a significant amount of blue merger ejecta (Eq. 2), as energy input at the time of merger due to cocoon heating [153] would have been degraded due to adiabatic expansion [68] .
The interpretation of the blue-red kilonova generated by shock-heated ejecta and winds from a remnant NS (blue emission), as well as outflows from a post-merger accretion disk (red emission), requires a soft EOS (small NS radii). As discussed, this simultaneously maximizes the amount of shock-heated ejecta, leads to a temporarily stable remnant NS (cf. Fig. 2 ) that launches additional winds, and leaves a massive post-merger accretion disk. The lifetime of the remnant NS is constrained to be at least a few tens of ms, in order to allow for significant mass ejection through winds to occur, and less than hundreds of ms, as otherwise strong neutrino radiation from the remnant would turn a significant fraction of the disk outflows into lanthanide-free (blue) ejecta. The upper bound on the lifetime is also consistent with the inferred kinetic energy of the ejecta, which would have been significantly higher, as the remnant inevitably transfers energy to the ejecta on longer timescales [154] . This consistent picture of the red and blue kilonova also has important implications for the EOS, as it puts tight constraints on the maximum mass of neutron stars (e.g., [154] ) as well as on the tidal deformability [87] .
While, in principle, NS mergers could account for most or all of the galactic r-process elements (assuming that GW170817 was a typical merger), we have discussed how GW170817 actually points to collapsars as the main contributor to the galactic r-process [115] (Sec. 6). Compared to NS mergers, collapsars arguably better satisfy existing constraints on heavy r-process nucleosynthesis, such as constraints from 244 Pu [12] , Eu enrichment in dwarf galaxies [110] , the rate-yield constraints from the total galactic r-process content, and the respective event rate constraints (cf. Secs. 4, 6 and Figs. 3, 6 ). The collapsar scenario also solves a number of problems that afflict mergeronly enrichment models (Sec. 5), related to the galactic r-process both at low and high metallicities as well as to the r-process in ultra-faint dwarf galaxies.
GW170817 marked the beginning of a bright future for the study of cosmic nucleosynthesis. If the EOS is indeed rather soft as suggested by GW170817, then massive post-merger accretion disks are a ubiquitous phenomenon [87, 65] , and one would expect many future mergers to show massive and slow red kilonova components [66] (assuming that the NS masses are consistent with the galactic distribution of double NS systems 3 [155] ). In this sense, GW170817 would be a typical merger. However, GW170817 is only one specific case, and its interpretation is based on emission seen from one particular viewing angle. We will soon observe qualitatively different scenarios from various viewing angles and start to understand the rich phenomenology of binary NS mergers and, hopefully, of BH-NS mergers and their implications for r-process nucleosynthesis. We expect to see qualitatively new features in future events, examples of which are very early blue emission due to a neutron precursor [84] or energy injection from a relativistic jet into merger ejecta (cocoon heating) [156, 35] . Significantly unequal mass mergers could lead to strong tidal ejecta components, which if sufficiently neutron-rich for fission cycling may lead to actinide over-production [157] . This may provide insights into the origin of actinide-boost stars, which comprise roughly 30% of all metal-poor stars with strong r-process enhancement [158, 159, 160] . Furthermore, the diversity of merger events may also help to understand scatter in the abundances of light r-process elements (first-to-second peak elements; cf. Sec. 7). The formation of a long-lived or stable remnant NS [161, 162, 163] , for instance, could lead to an essentially lanthanide-free (blue) merger event. In parallel, experimental nuclear facilities such as TRIUMF and FRIB will experimentally characterize a large number of r-process nuclei over the next decade. Together with advanced hydrodynamic evolution codes this will enable precision astrophysical modeling of various r-process sites.
Observations with future sensitive NIR telescopes, such as the James Webb Space Telescope, may allow us to identify unique signatures of heavy r-process nuclei in kilonova emission to directly infer the composition of merger ejecta. Applied to future GRB supernovae at late times, one may be able to directly probe r-process production by collapsars. Together with more precise merger rates and ejecta masses from a statistical ensemble of events, the relative contribution of NS mergers to collapsars can be more tightly constrained. This has important consequences for r-process enrichment in metal-poor halo stars, dwarf galaxies, the Milky Way disk, and for the dynamical assembly of the Milky Way halo.
